Abstract. The Free and Cued Selective Reminding Test (FCSRT) is a verbal episodic memory test used to identify patients with mild Alzheimer's disease (AD). The present study investigates the relationships between performance on FCSRT and grey matter atrophy assessed with structural MRI in patients with AD. Three complementary MRI-based analyses (VBM analysis, ROI-based analysis, and three-dimensional hippocampal surface-based shape analysis) were performed in 35 patients with AD to analyze correlations between regional atrophy and their scores for episodic memory using the FCSRT. With VBM analysis, the total score on the FCSRT was correlated with left medial temporal lobe atrophy including the left hippocampus but also the thalami. In addition, using ROI-based analysis, the total recall score on the FCSRT was correlated with the left hippocampal volume. With three-dimensional hippocampal surface-based shape analysis, both free recall and total recall scores were correlated with regions corresponding approximately to the CA1 field. No correlation was found with short term memory scores using any of these methods of analysis. In AD, the FCSRT may be considered as a useful clinical marker of memory disorders due to medial temporal damage, specially the CA1 field of the hippocampus.
INTRODUCTION
Increasing diagnostic accuracy of patients with mild AD will be crucial in a near future with the development of drugs aimed at slowing Alzheimer's disease (AD) progression. New criteria for early diagnosis were recently proposed that include a core criterion of significant episodic memory impairment together with one or more supportive criteria from structural and molecular neuroimaging and cerebrospinal fluid (CSF) biomarkers [1] . The use of memory test remains a first step for the diagnosis and it is essential to choose tests that can detect the specific features of memory disorders due to early hippocampal damage.
Previous studies on the relationships between hippocampal volume and episodic memory performance in AD found very inconstant correlations [2] [3] [4] [5] [6] [7] . These apparent discrepancies may be explained by differences in the episodic memory tests that are chosen in the studies, including the control of encoding and the existence of cueing or recognition procedures. Only few studies showed correlations between verbal memory and the left entorhinal cortex (when verbal memory was assessed with either the Rey or the CERAD learning lists) [8, 9] or the hippocampus (when verbal memory was assessed with the Free and Cued Selective Reminding Test (FCSRT) [2] or with an word recall test [10] ), whereas in another study, a low memory performance was correlated with the atrophy of the temporal polar cortex and frontal areas (when verbal memory was assessed with the California Verbal Learning Test) [11] .
In a previous longitudinal study with the follow-up of 251 patients with mild cognitive impairment (MCI), we showed that both free and total recall scores assessed by the FCSRT [12] were able to detect the specific memory deficit of AD, even at a prodromal, predementia stage, with a high sensitivity and specificity [13] . The efficacy of the test is probably due to the use of semantic categories which permit to control for an effective encoding of the verbal items and to facilitate the retrieval of stored information. Consequently, the FCRST can isolate storage deficits due to involvement of medial temporal structures that characterizes the early neuropathologic changes of AD [2, 14, 15] (so-called "amnestic syndrome of the medial temporal type") from other memory disorders due to attention disorders or retrieval impairment. Memory scores of the FCSRT are therefore expected to be mainly correlated with the hippocampal volume assessed with structural MRI in patients with AD.
The aim of this study was to analyze in mild AD correlations between episodic memory performance, assessed by the FCSRT, and regional grey matter volume using three MRI anatomical imaging complementary methods; 1) with voxel-based morphometry (VBM) analysis, because this method has the advantage of considering grey matter atrophy in the whole brain without regional preferences; 2) with region of interest (ROI)-based anatomical analysis using an automatic method for the measurement of hippocampal volume; 3) with a three-dimensional hippocampal surface-based shape analysis for the study of specific anatomical subregions. Correlation analysis results were compared with those obtained from short term memory scores.
METHODS

Subjects
Thirty-five patients with AD were recruited from the Memory Clinic of the Salpêtrière Hospital. To be included in this study, patients had to: 1) fulfill the National Institute of Neurological and Communication Disorders and Stroke/Alzheimer Disease and Related Disorders Association (NINCDS-ADRDA) criteria for probable AD [16] ; 2) have a score on the Clinical Dementia Rating Scale (CDR) 0.5 [17] ; 3) present no clinical or neuroimaging evidence of focal lesions; 4) present no cortical or subcortical vascular lesions on MRI; 5) have no medical conditions that would interfere with cognitive performance; and 6) have no major depression . All subjects were living in the local community and all were right-handed. Each patient signed an informed consent after the nature of the procedures had been fully explained. The study was approved by the Ethics Committee of the Salpêtrière Hospital. All patients underwent the same clinical and neuroimaging procedures.
Procedures
Neuropsychological assessment
At baseline, all patients were tested using a standardized neuropsychological battery, including the Mini Mental State Examination (MMSE) for global cognition [18] , FCRST for verbal episodic memory [19] , and the digit span test (forward and backward conditions) for verbal short-term memory. The FCSRT was selected because it is based on a semantic relationship between the presented items and their categories (e.g., what is the name of the fruit?), which allowed us to control for an initial and effective registration of the list of words, and secondarily to facilitate the retrieval from stored information. The FCSRT was administered according to the procedure described by Grober and Buschke [19, 20] modified with verbal items. The 16 items to be learned were presented as sets of four items each on successive cards. Items were represented in each quadrant by a word (e.g., grapes) that corresponds with a unique category cue (e.g., fruit). The subject was asked to name aloud and point to each item after its cue was orally presented. In order to control for encoding, after all four items were correctly identified, the card was removed and immediate cued recall of the four items was tested by presenting the cues again in order to control for encoding. Once immediate recall for a set of four items was completed, the next set of four items was presented. This first phase of the test allows for controlling encoding and provides a score called immediate recall. The memory phase was then performed using three successive recall trials, each preceded by 20 s during which the subjects were asked to count backward to obtain recall from long-term memory. Each recall trial consisted of two parts. First, each subject had up to 2 min to freely recall as many items as possible. Next, an orally presented semantic category (e.g., "what was the name of the fruit?") was provided for those items that were not spontaneously retrieved. This provided a free recall score (out of 48) and a total recall score, which was the sum of free and cued recall (out of 48).
MRI methods MRI data acquisition
MRI acquisition was performed on a 1.5 Tesla system (GE Medical Systems, Milwaukee, WI, USA). Anatomical high resolution scans were acquired using a three-dimensional acquisition (TR/TE/flip angle: 23 ms/5 ms/35
• , 256 × 256 matrix; voxel size, 1 × 1 × 1.5 mm 3 ) using a standard head coil. To prevent involuntary head movements inside the magnet, the subject's head was taped on the forehead.
Data processing for VBM
We used Voxel Based Morphometry (VBM) in order to evaluate the correlation between the scores obtained by subjects on testing and the grey matter density on their anatomical MRI scans. Data processing and analysis was performed using statistical parametric mapping software (SPM2, Welcome Laboratory of the Department of Cognitive Neurology, Institute of Neurology, London, UK, http://www.fil.ion.ucl.ac.uk/spm/) with MATLAB version 7.0.1 (The Mathworks, Inc., MA, USA). To analyze brain volumes, we used an optimized VBM procedure [21] [22] [23] . The image data sets were analyzed using the following automated image processing steps prior to statistical analysis. The MRI scans of AD patients were used for creating custom templates. Each T 1 -weighted MR volume was spatially normalized with an affine registration to the T 1 Montreal Neurological Institute (MNI) template. Subsequently, the normalized scans were averaged, and the resulting mean image was smoothed with an 8-mm full width at half maximum (FWHM) Gaussian Kernel. A study-specific GM template was created according to the following steps: spatial normalization of all structural images to the customized whole brain template, segmentation into gray matter, and brain extraction (for removing non-brain voxels from the gray matter images). The extracted GM images were then smoothed with a 10-mm FWHM isotropic Gaussian kernel. The resulting smoothed, normalized regions contained the average amount of gray matter within a region surrounding a voxel. Following the creation of a study-specific gray matter template, the optimized protocol was subsequently applied to the original data [22] . Briefly, the protocol included 1) segmentation of GM, white matter (WM), and CSF images and removal of non-brain voxels in the native space; 2) estimation of the nonlinear normalization parameters using the GM template previously built; 3) application of these parameters to the original whole-brain MR image, which was then resliced to a voxel size of 1 × 1 × 1 mm 3 ; and 4) segmentation of the normalized image into GM, WM, and CSF, using the customized prior probability map. The GM probability maps were modulated by the Jacobian determinant and then smoothed with a 12-mm FWHM isotropic Gaussian kernel. The resulting smoothed, normalized regions contained the average amount of GM within a region surrounding a voxel. Total intracranial volume (TIV) was defined by the sum of GM, white matter and CSF extracted in the process for each subject.
Automatic hippocampal volumetry
The segmentation of the hippocampus was performed using an automatic method [24] [25] [26] . This method has been validated by comparison with manual tracing in young healthy participants and patients with AD and has been proven to be reliable, fast and accurate [27] . It has also been applied successfully to automatically discriminate between patients with AD and elderly controls [26, 27] . This approach extracts both hippocampus and amygdala based on simultaneous region deformation, with competition between these two structures. The method includes prior knowledge of the locations of the amygdala and hippocampus, derived from a probabilistic atlas and from the relative positions of these structures with respect to anatomical landmarks that are automatically identified during the deformation process. Segmentations were evaluated by a trained operator who was blind to all clinical data.
Three-dimensional hippocampal surface-based shape analysis
To investigate the specific anatomical contribution within the hippocampus, we performed a statistical 3D surface-based shape analysis relying on the spherical harmonics (SPHARM) approach [28, 29] . The analysis was performed using the SPHARM-PDM software developed at the University of North Carolina and the National Alliance for Medical Imaging Computing (http://www.namic.org/Wiki/index.php/Algorithm: UNC: Shape Analysis). SPHARM is a mathematical framework to parameterize surfaces with spherical topology, which can be seen as a 3D analog of Fourier series expansion. In brief, the SPHARM approach relies on the following steps, which were performed in our analysis. First, hippocampal segmentations were converted to surface meshes, and a spherical parameterization was computed, creating a one-to-one mapping between each point on the surface and each point on a sphere. The surface was expanded into a series of spherical harmonics, which were then truncated at a given degree (we chose a degree of k = 20, which results in an acceptable degree of smoothing). The coefficients of the series expansion were normalized in order to make them invariant to rotation,translation and scale. The SPHARM parameterization was transformed into a triangulated surface (called the SPHARM-PDM), based on a uniform subdivision of the spherical parameterization. Each hippocampus was described by a set of n = 4002 landmarks. Finally, the SPHARM-PDM was spatially aligned using rigid Procustes alignment, giving a one-to-one mapping between surface points for each pair of hippocampi.
Statistical analysis VBM analysis
Data analysis was performed using SPM software. We performed one linear regression per neuropsychological test for all the subjects. In order to test for the possible influence of disease severity, we conducted a multiple regression analysis including age, total intracranial volume (TIV) and MMSE as nuisance variables. All the analyses were performed using a statistical threshold of p 0.005 for the voxels and a cluster correction of p 0.05.
Hippocampal volume analysis
All statistical analyses were performed using R software for Windows version 2.0.1 (R Development Core Team 2004). Hippocampal volume measurements were normalized with respect to TIV. The relations between hippocampal volume measures and neuropsychological tests (immediate, free and total recall of FCSRT, short term memory scores) were examined using multiple linear regression analysis, controlling for age and MMSE. Bonferroni correction was applied.
Three-dimensional hippocampal surface-based shape analysis
All hippocampal surfaces were averaged in order to compute a mean hippocampal template. The signed distance between each individual hippocampal surface and this template was computed at each vertex. We searched for correlations between neuropsychological tests and local hippocampal atrophy by computing Pearson's correlation coefficient between a given neuropsychological measure and the signed distance at each vertex, using the intracranial volume, age, and MMSE as covariates. In the 3D statistical maps, regions with p < 0.05 were considered as statistically significant.
RESULTS
Characteristics of patients
Age was 72.8 ± 5.6 (mean ± SD) years, with a gender ratio (M/F) of 22/13. Education level was 12 ± 3 years. MMSE score was 22.8 ± 3.4 (range 13-29). The CDR score was 0.5 for n = 1 patient, CDR = 1 for 31 patients and CDR = 2 for 3 patients.
Immediate recall score on the FCSRT was 11.2 ± 2.7 (maximum = 16, norms for age and education = 14 to 16); free recall score was 7.6 ± 5.1 (maximum = 48, norms = 24 to 29); total (free + cued) recall score was 23.6 ± 10 (maximum = 48; norms = 45 to 48); number of intrusions was 12.6 ± 8.9 (norms = 1 to 2). For details of norms of the FCSRT in elderly adults, see [20, 30] .
Digit span test forwards score was 5.1 ± 0.9; digit span test backward was 3.7 ± 0.6.
Correlations between episodic memory scores and MRI
VBM method
Scores of FCSRT total recall were significantly correlated with a large cluster of 17,679 voxels included the left medial temporal lobe and the thalami. More precisely, this area included on the left: hippocampus, Fig. 1 . Areas of significant correlation between total recall of the FCSRT * and gray matter concentration in AD patients. Statistical maps of correlation were thresholded at p 0.005 using an adjusted cutoff of p 0.05 for cluster extension. The cluster is displayed using glass brain representation (neurological convention) and anatomical images (radiological convention) from the average of normalized T 1 -weighted images AD patients. The regression model included as covariate parameters total intracranial volume (TIV), age and MMSE. * Free and Cued Selective Reminding Test. parahippocampal gyrus, entorhinal cortex, amygdala and thalamus and on the right only the thalamus.
Including the MMSE score as a covariate of no interest, the cluster of significant correlation was smaller (10,013 voxels) included only on the left side: hippocampus, parahippocampal gyrus, entorhinal cortex, amygdala, and thalamus (see Fig. 1 ).
There was a trend (p = 0.082) toward a correlation between scores of FCSRT free recall and a cluster of 7151 voxels located on the left hippocampus and left parahippocampus.
Automatic hippocampal volumetry
The results of the correlation analysis between normalized hippocampal volumes and neuropsychological scores are displayed in Table 1 . Using Bonferroni correction, the total recall of the FCSRT was significantly correlated with the left hippocampal volume.
Three-dimensional hippocampal surface-based shape analysis
Three-dimensional hippocampal maps showed significant positive correlations between scores in both free and total recall on the FSCRT and atrophy in regions approximately corresponding to the CA1 field of the left hippocampus, and to a smaller extent with the right hippocampus (Figs 2a and 2b) . A figure with a template of hippocampal subregions can be found in Apostolova et al. [31] .
No significant correlation was found with the immediate recall of the FCSRT score.
Correlations between short term memory scores and MRI
No significant correlation was found between the digit forward span and backward scores and the volume of brain anatomical structures with any of the three MRI methods.
To confirm the absence of correlations was not due to the small amplitude of these scores, we determined a short term memory composite score which was the sum of the digit forward span and backward scores. No correlation was found between this score and the three MRI methods.
DISCUSSION
The study shows significant correlations between the total recall score of the FCSRT and left medial temporal lobe atrophy assessed by VBM analysis, and the left hippocampal volume assessed by automatic volumetry method. In addition, both free and total recall scores were correlated with local hippocampal atrophy assessed by the three dimensional surface based shape analysis. Interestingly, these correlations within the hippocampus were specially localized in the CA1 field, a region known to be involved in memory storage [32] and to be early affected by AD neurobiology [33] [34] [35] [36] . The results suggest that both encoding and storage processes are dependent from the hippocampal structures. In agreement with previous evidence, this study high- lights the role of the hippocampus in long term episodic memory [31, 43] . Overall, the main results of the study are the consistent correlations between episodic memory scores assessed by the FCSRT, especially the total recall, and the atrophy of hippocampus in patients with AD, while no correlation was found with short term memory scores.
Previous studies with VBM analysis showed inconsistent results in this matter [8] [9] [10] [11] [36] [37] [38] [39] [40] [41] [42] and correlations were found with right and left hippocampus [3] , left entorhinal cortex [8] , parts of temporal polar cortex, orbital cortex and inferior frontal gyri [11] or entoand perirhinal cortex [9, 10] . Such discrepancies may result from the choice of the memory tests used in these studies. The neuropsychological paradigm of the FC-SRT seems particularly well suited in this respect because it can distinguish the three different components of episodic memory: registration (by controlling that all the items have been truly registered), storage (by providing the semantic cues for facilitating the access to stored information), and retrieval (by the spontaneous recall of items after delay). Total recall, which is the sum of the spontaneous and the cued recalls, is an interesting parameter to consider because it reflects the amount of information that is stored by the patient during the delay, the most important marker of long term episodic memory. In agreement with previous evidence, this study highlights the role of the hippocampus in long term episodic memory in line with the hippocampal/subcortical-frontal dissociation according to which: i) the hippocampus is more involved in encoding and storage process and ii) the subscortical-frontal axes are more involved in retrieval (33, 44) . It is noteworthy that the neuropsychological battery of the present study did not include a non-cued memory test because of the risk of interferences between different verbal stimuli.
In our study, the total recall of verbal items was correlated with atrophy of the left hippocampus, in accordance with the expected role of the hippocampus in the consolidation and retention of new verbal information over delays [2, 3, 5, [44] [45] [46] .
In addition, VBM analysis showed that patients' total recall score on the FCSRT was also associated with the volume of other brain structures known to be involved in consolidation of new verbal information, such as the left parahippocampal gyrus, entorhinal cortex, and thalamus. All these structures are part of the polysynaptic pathway of the neurobiological theory of memory: the parahippocampal cortex projects onto the hippocampus via the entorhinal cortex; within the hippocampus, a set of intrinsic connections proceeds from the dentate gyrus to the CA3 field and hence to the CA1 field. The major efferent hippocampal connections arise from the pyramidal cells of the CA1 field and project directly or via the subiculum to the cerebral cortex. Hippocampal efferent fibers reach the anterior thalamic nuclei through the fimbria-fornix system, the mammillary bodies, and the mammillo-thalamic tract; subsequently, the main cortical projections from the anterior thalamus are directed toward the posterior cingulate, retrospenial, and anterior cingulate cortices [32] . The thresholds on VBM analysis might not be significant with a FWE correction, but with a statistical threshold of p 0.005 for the voxels and a cluster correction of p 0.05, due to the limited number of patients in our study. Therefore, these data have to be considered as exploratory.
VBM analysis was the first step of the study because it relies on no a priori. It demonstrates strong relationships between episodic memory performance and hippocampal volume in patients with AD that were further reinforced with the results of the ROI-based analysis using the fully automatic method for hippocampus segmentation. When compared to manual segmentation, this new method has the advantage of reducing the subjective component of the evaluation [24, 26, 27] . Results from ROI analysis confirmed that the total recall score of the FCSRT is correlated with the severity of hippocampal atrophy. Including MMSE scores as a covariate in the analysis did not modify the results, sug-gesting that disease severity seems unlikely to explain the data.
Finally, a surface-based shape analysis derived from spherical harmonics was used for determining which anatomical subregions of the hippocampus were correlated with episodic memory consolidation. Similar methods were already used to define the subregions of the hippocampus that are involved by atrophic changes [33, 34] but none have searched for correlations with memory performance. Our study provides new information in this regard by demonstrating strong correlations in AD patients between CA1 field atrophy and episodic memory performance. This is in accordance with clinico-pathological studies that show that, in amnestic MCI and early AD, memory performance is significantly correlated with NFTs in CA1 for the hippocampus and in the entorhinal cortex [35] and with other studies showing that CA1 neuron counts correlate with MRI-derived hippocampal volume and global and verbal memory [47] . Note that, using our technique, we cannot evaluate the involvement of the CA4 field and dentate gyrus in memory processes because of their location in the central core of the structure: only a tiny portion of the CA4 field is located on the dorsal surface of the tail of the hippocampus proper [48] . Here again, and in accordance with our previous results with VBM and ROI analyses, no correlation was found between structural regional atrophy and any short-term memory scores.
Remote memory begins with the creation of traces in long term memory circuits [15] . A problem for early AD diagnosis concerns the ability to distinguish genuine memory impairment from age-related attention disorders and from the impairments in strategies to retrieve stored information that are seen in depression and frontal lobe dysfunction. These disorders are responsible for frequent memory complaints; they cause impaired registration or retrieval but not impaired information storage. Memory theories posit that information is integrated by the hippocampal complexmedial temporal lobes and related structures in the diencephalon to form a memory trace [15] . In AD, early lesions involve the transentorhinal and entorhinal regions. At this stage, no daily live cognitive dysfunction is detectable. As AD progresses, the pathology spreads into the hippocampal complex, reaching the CA1 field and then the subiculum [14] . These developments result mainly in deficits in information storage and as a consequence in retrieval of new declarative memory. The interesting feature of the amnestic disorders that occur in AD is that they are specific and are not as the others, such as frontotemporal dementia [49] , depression [50] , vascular dementia [51] , and subcorticofrontal dementia [43] . It is therefore possible to identify them, even at an early stage of the disease, as long as we use tests (such as the FCSRT) which can isolate the 'amnestic syndrome of the hippocampal type', defined by a low free recall not normalized by cueing. This pattern may serve as a reasonably accurate clinical marker of impaired consolidation memory. Our findings suggest that this deficit may be due to hippocampal damage associated with AD. The existence of a strong correlation between the major criterion (episodic memory impairment) and one of the supportive features (atrophy of the hippocampus) support the new, recently proposed criteria for the diagnosis of AD [1] . Further research is needed to confirm the implication of the CA1 field of the hippocampus and verbal episodic memory in very early stages of AD, including a control group.
